Introduction
Extreme cold temperatures and frost events have considerable impacts on agriculture around the world and in Australia. Crops may be adversely affected and even destroyed by untimely frost occurrences (Zheng et al., 2012) . In October 2013, severe frosts occurred in southeastern New South Wales, which caused substantial crop damage in the region (Bureau of Meteorology, 2013b) .
Global studies show that the annual number of cold nights and frost days has been decreasing nearly everywhere around the world where frost days occur, using a minimum temperature threshold (usually 0, 2 or 2.2 °C), below which a frost day is defined (Frich et al., 2002; Alexander et al., 2006; Donat et al., 2013 ). An air frost occurs when the minimum temperature falls below 0 °C at thermometer height, while the 2.2 °C threshold indicates that the temperature at the surface is nearing 0 °C, it is thus a proxy for a ground frost (Plummer et al., 1999; Bureau of Meteorology, 2014) . This decrease is consistent with a global average near-surface warming of 0.85 °C between 1880 and 2010 (IPCC, 2013) . In Australia, decreases in the annual number of frost days have also been documented over the twentieth century (Jones et al. 2009; Alexander and Arblaster 2009; Collins et al. 2000) . However, over the more recent period from 1970 onwards, annual frost day trends have been increasing at some stations in Australia (Bureau of Meteorology, 2013a). Murphy and Timbal (2008) A bold station ID identifies a station that is available for the annual but not the monthly analysis.
over the periods from 1940 to 2011 and from 1980 to 2011 (see Table 1 for a list of stations available in the annual analysis). Monthly frost day trends were only analysed from 1980 to 2011. If more than three days of daily data were missing (or more than 15 in a year), that month (year) was set to missing. Stations where frost day indices were available for at least 80 per cent of years over the entire period and at least 80 per cent of years in the first and last ten years were used for this study. A minimum count of three frost days per month on average over the 1980 to 2011 period was also required. Due to this, a different number of stations were available each month. Overall, 15, 40, 44, 41 and 18 stations had sufficient frost days to be considered in the months from May to September respectively (see table 2 for a detailed list of stations). The same criteria were applied to annual trends for 1940-2011 and 1980-2011, with a minimum number of three frost days per year required.
To analyse the possible effect of concurrent drying on the number of frost days, the monthly count of wet days was used. The monthly number of wet days is defined as the number of days where precipitation exceeds 1 mm, as recommended by the World Meteorological Organization (WMO) through the CCl/CLIVAR/JCOMM Expert Team on Climate Change Detection and Indices (ETCCDI, e.g. Zhang et al., 2011) . Studies have shown that trace measures of precipitation contain many biases and therefore it is generally recommended to use thresholds above 0.2 mm. Monthly counts of wet days were calculated for daily recalibrated precipitation data from the Australian Water Availability Project (AWAP, Jones et al., 2009 ) at 0.05° × 0.05° resolution.
AWAP daily precipitation data are broadly consistent through time although they tend to have some inhomogeneities in data sparse regions, particularly as a result of network changes (King et al., 2013) . However as most of the high-quality temperature stations we are considering generally are in more densely sampled regions, we are assuming that AWAP daily precipitation data are relatively homogeneous in our areas of interest. Monthly precipitation totals obtained from monthly AWAP data were also considered. Similarly to the processing of frost days, only grid boxes where data were available for at least 80 per cent of all years as well as 80 per cent in the first and last ten years were kept. These data completeness criteria also eliminate some of the issues with inhomogeneous data in data sparse regions mentioned above.
Finally, two specific locations were chosen to illustrate the relationship between number of frost days and monthly total rainfall, number of wet days and monthly mean 9.00 am cloud cover, one in southeastern Australia and one in southwest Western Australia. For these locations, the period from 1950 to 2011 was analysed (or shorter in the case of cloud data). The stations selected were Bathurst (NSW, station ID 063005) and Cunderdin (WA, station ID 010286) for the frost days, each representing the station with the largest increases in number of frost days for each region respectively. For each of those two locations, the corresponding daily and monthly precipitation totals were cent higher average annual number of frost days in Mildura for this decade than any other since the beginning of high quality records in 1947. Over the longer period from 1958 to 2006 , Timbal (2010 documents small increasing trends in frost days in autumn and spring and small decreasing trends in winter, aggregated over 23 stations in southeastern Australia. While such unusual increases in the number of frost days have been noted in the literature (e.g. Murphy and Timbal, 2008; Timbal, 2010) , a comprehensive analysis of monthly frost day trends at high quality stations in southern Australia has not been performed to date.
In southern Australia, autumn and winter rainfall has declined by 15 per cent over the period from 1958 to 2007 (Nicholls, 2009) . Winter rainfall was very much below average or lowest on record for most of southeast Australia and southwest Western Australia since 1996 (CSIRO and Bureau of Meteorology, 2014). The precipitation decline started more than a decade earlier in southwest Western Australia than in southeast Australia (Murphy and Timbal, 2008; Nicholls, 2009) . It is thought that the recent drying is in part responsible for this increase in frost days. The decrease in cloud cover during dry periods is expected to result in increased diurnal temperature ranges, colder night-time air temperatures due to increased radiative cooling (e.g. Jones and Trewin, 2000) and therefore result in more frost days. Murphy and Timbal (2008) link the observed cooling of minimum temperatures to the rainfall decline that has occurred since 1996 in southeast Australia.
Our aim in this study is to investigate this increase in frost days in more depth and to determine whether frost days are increasing in all cold season months. Therefore, we analyse trends in monthly counts of days where the minimum temperature is below 2 °C at several locations in southern Australia over the period from 1980 to 2011 using highquality station records. The temporal and spatial structure of frost day changes is examined, with a focus on southeastern Australia and southwest Western Australia. Furthermore, the relationship with number of wet days and cloud cover is examined to help determine whether observed frost day trends can be related to concurrent drying or reductions in cloud cover in those regions.
Methods and data
The frost day index used in this study is the monthly number of days where minimum temperature is below 2 °C. In Australia, this threshold is often used as 2 °C (or 2.2 °C) at thermometer height approximately corresponds to 0 °C at ground level, i.e., a ground frost (e.g. Stone et al., 1999; Timbal, 2010; Bureau of Meteorology, 2014) . Monthly and annual values were calculated using daily minimum temperature station data from the Australian Climate Observations Reference Network -Surface Air Temperature (ACORN-SAT) dataset (Trewin, 2013 the magnitude of the trend. Where an absolute trend value of less than 0.1 days per decade or equal to zero occurred, the trend value was artificially replaced with 0.1 days per decade and labelled as 0-0.1.
Observed frost day trends
The annual number of frost days in Australia has been decreasing over the period from 1940 to 2011, consistent with global and Australian trends reported in other studies Alexander et al., 2006; Frich et al., 2002) . Decreases in the annual number of frost days are found for 20 out of 22 stations with records back to 1940, of which 17 are statistically significant ( Fig. 1(a) ). The two remaining stations have trends close to zero (Mildura and Perth, noting that Perth is not visible on Fig. 1(a) due to being covered by another station). A start date of 1940 was chosen as a compromise between length of record and number of stations available. The sign of the trends however is not affected by choosing another start date in the first half of the twentieth century (e.g. 1920, 1930 or 1950) , noting that the bulk of the warming over Australia has occurred since the 1950s anyway (Bureau of Meteorology, 2011).
obtained from the high quality precipitation station (Lavery et al., 1992) nearest to the temperature station, in order to compare station data with station data. Monthly number of wet days were again calculated as the number of days per month where daily precipitation exceeded 1 mm. For Bathurst, a precipitation station was available for the same site (station ID 063005). Cunderdin however does not have a long-term precipitation station at the same site. Therefore, precipitation data measured at Meckering were used, located approximately 23 km from Cunderdin (station ID 010091). High quality monthly 9.00 am cloud fractions were obtained for Bathurst (station ID 063005) and Cunderdin (station ID 010035) from the Australian high-quality monthly total cloud amount dataset (Jovanovic et al., 2011) . The Cunderdin station was closed in 2007. Trends were calculated using standard linear regression. Statistical significance of trends was not assessed except for the annual long term trend from 1940 to 2011 as an analysis of significance for the shorter period would have little meaning (Nicholls, 2001) . For the longer period, the non-parametric Mann-Kendall trend test was used to test significance at the five per cent level. In Figs 1 and 2, blue (red) triangles pointing up (down) were assigned to increasing (decreasing) trends in frosts. The size of the symbol was then scaled with When the same analysis is performed for the shorter period from 1980 to 2011, increases in the annual number of frost days are found at some locations in New South Wales, Victoria, Tasmania and Western Australia (Fig. 1(b) ). This indicates that in this more recent period, the frequency of below 2 °C nights in winter has increased in some locations, despite an ongoing warming of the climate over Australia (e.g. Nicholls and Collins, 2009 ). To further investigate these increases, monthly trends in frost days are analysed.
Southeast Australia
Trends in frost days are increasing over the period from 1980 to 2011 at most available stations in May in southeastern Australia. While some stations have a negligible trend, no decreases are found (Fig. 2(a) ). This indicates a spatially coherent increase in the number of frost days occurring in May. This increase in frost days is occurring concurrently with decreasing monthly mean minimum temperature and an increase in the percentage of days where minimum temperature is below the long-term 10th percentile (not shown). In June (Fig. 2(b) ), mixed trends are observed while in July (Fig. 2(c) ), the trends are mostly down: spatially coherent decreases in frost days are observed. In late winter, particularly in August, frost day trends are characterised by high spatial variability, with some stations showing decreases and others showing increases (Figs 2(d) and 2(e)). Using a lower temperature threshold to define the occurrence of a frost day (0 °C) results in similar but weaker changes (not shown).
The increases in frost days occur in areas of decreasing number of wet days (Fig. 2) and decreasing monthly The symbols represent the trend in the number of frost days per decade for each month for May, June, July, August and September respectively, using the Australian high quality temperature stations (Trewin, 2013) . Blue triangles indicate increases while red triangles indicate decreases. Absolute trends between 0 and 0.1 days per decade are shown in black. The white areas occur where no data were available or where less than 80 per cent of all years and less than 80 per cent in the first and last ten years were available.
precipitation (not shown), i.e. areas where drying has occurred. In July, despite a moderate reduction in the number of wet days, decreasing frost day trends are found across most sites. The trend in the number of wet days however is weaker than in May. It is likely that other effects related to soil moisture content, humidity and wind could have an influence on the July frost day trends. However, it is also important to keep in mind the limitations of using wet days as a proxy for cloudiness and night-time radiative cooling. In this study we are interested in night-time cloud cover, but wet days can be due to precipitation occurring during the day or night, and clouds that do not precipitate may be present on a dry day. A combination of these factors could explain why decreases in frost days are observed across most sites in July. In August and September, the stations with increasing frost days are again located in areas where the number of wet days has been decreasing. Bathurst is the station with the strongest May increase. The May and August frost days time series for Bathurst are shown in Figs 3(a) and 3(c) respectively. Frost day numbers were particularly high during the peak of the Millennium drought, after being low for much of the 1990s. The time series for 9.00 am monthly mean cloud fraction and number of wet days is also shown. A high number of frost days generally coincides with low 9.00 am cloud and low number of wet days and vice-versa for that month. The correlation coefficients are given in Table 3 and confirm that monthly total rainfall, number of wet days and monthly cloud cover are all negatively correlated with frost days (all are statistically significant). The relationship between total monthly precipitation and monthly number of wet days with frost days is similarly strong, whereas it generally is slightly stronger with cloud cover. The relationship between frost days and wet days is further examined by displaying the number of frost days as a function of the number of wet days (Fig. 4) . A clear relationship between the number of wet days and frost days is found for all months, with the strength of the relationship indicating a reduction of more than two frost days per one day increase in wet days early in the cold season and slightly smaller reduction in frost days per wet day later in the year.
Southwest Western Australia
In southwest Western Australia, the number of frost days has increased from July to September at nearly all stations over the period from 1980 to 2011. In May and June, frost occurrence is too low at most stations, with only one station satisfying the minimum number of frost days requirement in May. Increases are found in July, August and September. However, only two stations have enough frost days in September on average.
A relationship between frost days and wet days is less apparent than in southeastern Australia. Frost day increases coincide with areas of wet day decreases in August, but not in July and September when the strongest frost day increases are observed (Fig. 2) . The relationship between one observed in southeastern Australia in July and August (not shown), indicating that the relationship at Cunderdin may be reduced due to the use of precipitation data from a station located approximately 23 km away. The correlation coefficients (Table 3) between monthly precipitation, monthly number of wet days and monthly cloud cover with frost days are highest in June. Furthermore, in southwest Western Australia frost days are better correlated with cloudiness than with monthly precipitation or number of wet days, while in southeast Australia the correlation coefficients with monthly total rainfall, wet days and cloudiness were of comparable frost days and wet days in Western Australia is of the expected sign, with more wet days corresponding to fewer frost days. However, the effect is less pronounced than in southeastern Australia, with the decrease in frost days per one day increase in wet days being less than one in all months (Fig. 4) . This is likely because the average number of frost days is lower in southwest Western Australia. Again, the relationship is strongest in June and August. However, as precipitation data were not available at Cunderdin, data from Meckering were used. The same analysis for Merredin shows a relationship of similar strength to the Fig. 4 . Monthly number of frost days are shown as a function of the monthly number of wet days for the months May to August. Two locations are shown, one in southeastern Australia and one in southwest Western Australia. The filled black circles correspond to Bathurst (063005) in New South Wales. The grey hollow circles represent the stations Cunderdin (010286) for frost days and Meckering (010091) for wet days in Western Australia. Each dot symbol represents one year from 1950 to 2011. Due to missing data, the number of points may be less than 62. A total least squares regression line was fitted and the slope of the regression line is given.
magnitude. The correlation coefficients are close to zero in September. This could be due to the fact that September is a transition month and frost days occur on only a few days, while monthly precipitation, wet days and cloud cover are measured over the entire month. Overall, the strongest increases in frost days are found in the months where the relationship with monthly rainfall, wet days or cloudiness is weakest. This would suggest that either monthly rainfall and cloudiness are not the best indicators to explain the observed increase in frost days because they are averages over all days of the month and frost days only occur on a few days, or that an entirely different process is causing this increase.
Discussion
While some increases in the number of frost days are observed in both southeastern Australia and southwest Western Australia over 1980 to 2011, the time of year when they occur differs. In southeastern Australia, increases are primarily occurring in late autumn (May) although spring increases have been observed at some locations. In southwest Western Australia, the strongest frost day increases are observed in early spring. The spring increases in particular have relevant impacts for agriculture, as frosts occurring after bud-break and flowering may be very damaging to crops (Rigby and Porporato, 2008) . The results presented here provide further evidence that the recent drying associated with the Millennium drought has resulted in more frequent frost days at some locations in southeastern Australia in May and early spring compared to earlier decades, when frost days were particularly low as a consequence of decreasing frost days over much of the twentieth century. Decreasing precipitation is linked to decreasing cloud cover, i.e. more clear-sky nights. Frosts are more likely to occur during clear-sky nights as the temperatures will be lower due to enhanced radiative cooling. While there is some indication that drying in southwest Western Australia could play a role in the frost day increases, the strongest frost day increases occur in spring, when the drying in southwestern Australia is weak Table 3 . Pearson correlation coefficients between frost days (FD) and monthly total precipitation (mPRCPTOT), number of wet days (WD) and monthly mean 9.00 am cloud fraction (cloud) at Bathurst (left) and Cunderdin (right) respectively (or neighbouring stations for precipitation data). To represent precipitation at Cunderdin, the station at Meckering was used as there was no long-term precipitation station available for Cunderdin (see 'Data and methods' for more details , 2012) . It is likely that the monthly values for rainfall, wet days and cloudiness do not correlate well with frost days in the transition month as frost days might only occur early in the month. Therefore, further research is needed to determine the cause of the spring frost increases in Western Australia as the observed precipitation decline alone cannot explain the observed trends. Analysis of trends in cloudiness and associated weather patterns would be useful to help determine the underlying cause of the increases, however the availability of cloud data is limited. Nevertheless, an approach that would consider clouds and other factors such as wind and humidity, as well as dynamical aspects would be useful.
Our results are consistent with and complementary to another study on frost risk in southern Australia published while our own was under review. Crimp et al. (2014) analysed changes in frost occurrences in northern Victoria and southern New South Wales over the months August to November for the period 1961 to 2009. They found increases in the number of frost days at low-lying stations over the August to November period and a lengthening of the frost season. They further constructed a Bayesian space-time model of minimum temperatures, using rates of greenhouse gas emissions, solar radiation, the position and intensity of the subtropical ridge, the El Niño-Southern Oscillation and a measure of atmospheric blocking. They found that the model had significant predictive skill, and their results suggest that the effect of ENSO and the subtropical ridge intensity were increasingly important towards the last decade of their analysis period, although the position of the subtropical ridge was also important. Studies have linked these predictors to the precipitation decline (e.g. Timbal and Drosdowsky, 2012) , and thus our study highlights the mechanisms by which these large-scale drivers affect the occurrence of frost days.
However, the cause of the rainfall decline in southern Australia is still a topic of ongoing research and debate. Nicholls (2009) finds that the rainfall decline is related to an increase in pressure over Australia related to trends in the Southern Annular Mode, while Timbal and Drosdowsky (2012) suggest that the rainfall decline is caused by an intensification of the subtropical ridge. Cai and Cowan (2013) however suggest an alternative cause, pointing out that while the subtropical ridge has a significant impact on rainfall in autumn in southeastern Australia, the effect is too small to have caused the observed decline. Instead they suggest a growing influence from the tropical dry season associated with a poleward shift of the ocean and atmosphere circulation, particularly after 1980. A recent high resolution modelling study (Delworth and Zeng, 2014) also finds that anthropogenic forcing is the main cause of the rainfall decline observed in southwest Western Australia.
As the rainfall decline alone cannot explain the increase in frost days in southwest Western Australia, the cause of the frost increases in this region remains unclear at this point in time. Furthermore, the causes of the rainfall declines in southeast Australia and southwest Western Australia are still being investigated. It is thus not clear whether the southwest Western Australian and southeastern Australian frost day increases are consequences of changes in the same large-scale driver or whether their causes are independent.
Conclusion
This study shows that frost days have increased in May in southeastern Australia as well as in spring in some locations over the period from 1980 to 2011. The southeastern Australian frost increases are strongly linked to a decrease in the number of wet days in the area. These results confirm that the recent drying trend in southeastern Australia has resulted in more frequent very cold nights and more frost days. In southwest Western Australia, frost days have increased in late winter and spring. While there is a relationship with the number of wet days in this region, it is not currently possible to determine the exact cause of the southwest West Australian frost day increases. The frost day increases occur in late winter and spring, when rainfall trends are weak. Analysis of cloud and radiation observations as well as dynamical features during the period of frost increases is required to understand these frost day increases better. Further research on the causes of the southern Australian rainfall decline and the role of different climate drivers would contribute to a better understanding of the observed frost days increases.
